The best method for obtaining the free energy of formation of rubber is by making use of the third law of thermodynamics. This makes necessary the determination of heat-capacity values of the rubber in the temperature range from that of room down to temperatures sufficiently low to apply an empirical formula for obtaining the values below this lower temperature. From these heat-capacity values the entropy may be obtained. Then from this latter value, along with the entropy values of carbon (graphite) and gaseous hydrogen and the heat of formation of rubber, a reliable value for the free energy of formation of rubber may be calculated.
Several investigators have previously determined the heat capacities of rubber, but their observations were not made at temperaturE's 22381-3&-5 503 sufficiently low to permit accurate extrapolation to the absolute zero in order to apply the third law. Furthermore, in the previous work the possibility that rubber at low temperatures might exist either as a metastable amorphous form or as a crystalline form was not clearly recognized. In the present investigation the aim was not only to extend the t emperature range but also to obtain data of a higher order of accuracy than that previously reported.
II. RUBBER SAMPLE INVESTIGATED
The sample of rubber used in this investigation was prepared by the digestion of latex with steam at about 190 0 C and the subsequent extraction of the resins and the products of hydrolysis wjth alcohol and water [20] .1 Where the term rubber or rubber hydrocarbon is used without qualification in this paper, the foregoing product is understood. The sample, of mass 38.30 g, was cut into small pieces, roughly 10 mm 3 each, before its introduction into the calorimeter. At that time it gave no indication of any oxidation having taken place. The air surrounding the rubber in the calorimeter container was replaced by helium so there would be no oxidation.
A complete set of values for the heat capacity of the amorphous form of rubber from 14 to 320 0 K and several values for the crystalline form were obtained within the first several months. During this time the sample container of the calorimeter can remained gastight and no oxidation of the rubber sample could have taken place. However, owing to a forced delay, no further measurements were made with the calorimeter for nearly two years, during which time the calorimeter can developed a leak and the helium was displaced by air. Oxidation of the sample was rapid, and by the time it was removed from the container it had a strong odor of oxidation products and had increased its weight to 39.38 g. The increase in mass was about 2.8 percent, and, if due to oxygen alone, would give an approximate empirical formula CsHsOo.1 instead of CsHs. During the several weeks previous to the removal of the sample from the calorimeter, a complete set of measurements was made on the crystalline form from 14 to 320 0 K and several measurements were repeated on the amorphous form. The air was pumped from the sample container during these observations, so it was assumed that this final weight of the sample was constant during these later runs. The larger mass was used for the calculations of the results of the latter experiments, while the original mass was used in the calculation of the results of the experiments performed two years before. When calculated in this manner, the heat capacity of the rubber after this oxidation had occurred appeared unchanged, within 0.2 percent, from its value before oxidation, the results on both forms at different t emperatures showing no consistent deviation from the earlier values. This seems to indicate that the oxidation had no significant effect on the value of the heat capacity of the rubber as determined in these experiments. 2 It was not necessary to remove the sample from the container in order to convert it from one form to another. The procedure for obtaining the crystalline form of rubber was to cool the calorimeter to about -40° C, allow it to warm up slowly over a period of several days to 0° C, and then to hold it at this latter temperature for several more days. Previous work [3] has indicated that this is sufficient time to obtain complete conversion into the crystalline form. Incomplete conversion would liberate heat in the temperature range from -40 to 0° C, which would easily be noticed from the behavior of the calorimeter during the heat-capacity measurements, as was actually found to be the case on several occasions.
III. CALORIMETER AND ITS OPERATION
The calorimeter used for the measurements of the heat capacities and the heat of transition was of the adiabatic and vacuum type described by Southard and Brickwedde [33] , which is an improvement on the type originated by Eucken [8] . The object of the vacuum surrounding the sample container is to minimize the exchange of heat between the container and its surroundings as caused by gaseous conduction and convection. The calorimeter was made adiabatic by surrounding the sample container with a shield which, by means of controlled electrical heating, could be kept the same temperature as the sample, thus minimizing heat leakages to and from the sample. The calorimeter is described in detail by Southard and Brickwedde and only a few general statements need be made here. After the introduction of the sample into its container, the remaining air in the container was replaced by helium at about 1 atmosphere pressure before the container was sealed. Air could not be left inside because it would permit oxidation of the rubber and also because it would liquefy at low temperatures. A vacuum in place of the helium would not be as suitable because the lack of thermal conducting qualities would necessitate too long a time for the sample to reach temperature equilibrium, which was found to be the case in the latter experiments.
Measurements of temperature were made by means of a resistance thermometer of platinum containing 10 percent of rhodium, the resistance of which was about 150 ohms at room temperature. From 14 to 90° K its calibration was made against a helium gas thermometer described by Southard and Milner [34] . Above 90° K it was calibrated against a .,tandard platinum resistance thermometer in a precision cryostat designed and built by Scott and Brickwedde [30] . Resistances were measured by means of a Wenner potentiometer [2, 37] , potentials being obtained across the thermometer and also across a 100-ohm standard coil in series with the thermometer when a current of about 1 milliampere was passing through the circuit. This current was supplied by a 2-volt lead storage battery. The precision of the temperature measurements was within 0.002° C above 90° K and within 0.01 ° C at lower temperatures.
This thermometer was also used as a heater. The current and voltage during the heating were also measured with the same potentiometer, using a I-ohm standard resistance coil and a volt-box with a ratio of 150:1. Lead storage cells of 120 volts were the source of the heating current. The time of heating was regulated by an automatic switch connected to time signals, which gave a measure of time to [Vol. 16 within 0.01 second. The time of heating was varied from 5 to 30 minutes, the heating current from 0.03 to 0.1 ampere, and the temperature from 0.5 to about 15° O. The amount of heat added could be measured to within 1 part in 10,000, which is greater precision than is necessary, since the temperature rise could sometimes be measured only to about 1 part in 1,000. It was not found difficult to control the shields so that the sample would remain constant in temperature within 0.002° 0 for an hour, even when its temperature was many degrees above that of the surrounding external bath. An actual test of the heat exchange to and from the sample was made with an external bath of liquid hydrogen at about 20° K, the sample and its container at about 90° K, with the shields a little more than a degree higher. Here the temperature of the sample rose 0.15° 0 per hour. With the shields only 0.4° 0 higher, the rate of temperature rise was 0.04° 0 per hour. In actual operation of the calorimeter, the temperature of the shields was kept within 0.01 ° 0 of that of the sample, and these deviations were not consistent in either direction but tended to balance each other.
Two operators were necessary for conducting experiments with the calorimeter. One made the measurements on the temperature of and the heat energy added to the sample and container, while the other controlled the temperatures of the shields. The latter was done by regulating the current flowing through the heating wires of the shields. After the sample had shown a constant temperature over a period of several minutes, the electrical switch was thrown for the addition of heat. This necessitated a corresponding increase in the quantity of heat to the shields in order to maintain them at the temperature of the sample. The heat to the shields, of course, was not measured. The heat delivered to the sample was determined from current and voltage readings made at definite time intervals. When the heating interval was complete the automatic switch was again thrown, this time to stop the heating current. When temperature equilibrium was again established, which generally took from 5 to 10 minutes, the temperature was again measured, and then another heating period started. During these heating periods resistances of the current leads from the heater to the shield were measured. The assumption was made that half the heat produced in these leads went to the sample and container and the other half to the shields. Oorrections for this additional current were found to be about 3 parts in 10,000 at room temperature and less at lower temperatures.
IV. HEAT CAPACITIES
The curves in figures 1 and 2 give the relation between heat capacity and temperature, the solid line indicating the amorphous form of rubber and the broken line the crystalline form. The curve is shown in sections so that a larger scale may be used. Figure 3 gives the same curves on a smaller scale, the only points of observation shown being those in the transition range, which are not indicated in figures 1 and 2 because of the scale used. Table 1 gives the heatcapacity values at 5° intervals obtained from the curve. All quantities of heat in this paper are expressed in international joules. The factor for conversion into call5 is 4.1833 [25] . 
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With the exception of the range of temperature where the crystals are melting, the heat capacities of the crystalline form of rubber are in general lower than those of the amorphous form. This is to be expected because of less randomness of the positions of the molecules in the crystalline form. Tables 2 and 3 give the data and results of the calculation of one observation on the heat capacity of the crystalline form of the rubber hydrocarbon. Current reversals were made and the values obtained in the two directions were averaged in order to compensate for any stray currents which may have been present in the system. The mean temperature and the rise in temperature were obtained directly from the data in table 2. In order to obtain the amount of heat added, the values of the current passing through the heater and also the potential across the heater (table 3) were plotted as a function of time, and the values at the half-period of heating (6.5 minutes) were taken as the average. Both the current and the voltage show straight-line relationships with time over short intervals such as this unless the sample is undergoing a transition, in which case there will appear a change of slope of the voltage curve with time. ., The dotted line represents the crystalline form and the solid line the amorphous. Previous investigators have determined the heat capacities of rubber with various results. Gee and Terry [9] were probably the first to measure the specific heat and obtained a mean value of 2.00 j/g;oO on raw rubber between about 20 and 100° C. This compares fairly favorably with the results at the higher temperatures obtained in the present investigation. LeBlanc and Kroger [19] made measurements from -70 to +40° C on various samples of smoked sheet rubber. While not very smooth in most cases, their curves gave an average value of about 2.2 i/g;oC at 25° 0, which is considerably higher than the value 1.88 indicated in figure 2. Ruhemann and Simon [29] obtained a value of about 2.1 j/g/oC for smoked sheet at 25° C. Bostrom [5] reported an average value of 1.55 j/g;oC at 17° C, which is lower than the 1.85 value obtained in the present investigation.
Ruhemann and Simon's value for the specific heat at -80° ° was [Vol . t6 about 1.2 j/g;oC as compared with 1.09 for that temperature as indicated in figure 2 . In an earlier investigation on the heat of vulcanization of rubber [21] , mean heat-capacity values were obtained between 25 and 175° C. The avera. ge mean value obtained for both crude and purified rubber was 2.17 j/g;oC, which seems quite reasonable from the trend of the curve of the present investigation.
The curve obtained by Ruhemann and Simon for the heat capacities of smoked sheet from -100 to about -20° C, which includes a transition of the second order [3, 7] , which they called the a anomaly, is similar to the one obtained in the present investigation. At 0° C they obtained a hump in the curve which they called the {3 anomaly, but this break in the curve could not be found in the present investigation. Figure 3 shows that at 284° K a transition of the first order takes place in which there is melting of rubber crystals. This transition was named the 'Y anomaly by Ruhemann and Simon, but was found by them to take place at a temperature several degrees higher.
The transition obtained at 199° K in this investigation is probably the same as that shown in some previous work on the thermal expansion and dielectric constant of rubber [3] , and there reported to take place at approximately 200° K. The temperature of fusion obtained in the present investigation also agrees with that obtained from data on the coefficient of thermal expansion.
v. HEAT OF FUSION
At above 255° K the curve for the heat capacity of the crystalline form begins to rise, owing to the premelting of some of the crystals. Although the fusion temperature is 284° K, there is a great tendency for the rubber to premelt with respect to the average temperature of the calorimeter. The higher local temperature near the heating coil produces a small amount of melting which does not reverse itself when temperature equilibrium is established below the fusion temperature, because the rate of transition from the crystalline to the amorphous form is much greater than that in the reverse direction [3] . This, however, will have no appreciable effect on the value obtained for the heat of melting.
With the rubber in the crystalline form a heating was begun at a temperature of 253 .73° K, continued through the transition, and ended with an equilibrium temperature of 291.90° K. The heat required to raise the rubber through this temperature range was 102.605 jig. On the heat capacity-temperature diagram, a smooth curve was drawn from some point on the curve of the crystalline form just below the beginning of the melting of the rubber (about 250° K) to the curve above the temperature of the transition. The energy required to bring the rubber from 253.73 to 291.90° K, assuming no transition, was obtained by measuring the area under this curve between these two temperatures, and was found to be 85.894 jig. The difference between these two energy values in 16 .71 j i g, which is the heat of fusion of the rubber. This value is in agreement with that obtained in a similar manner by Ruhemann and Simon [29] for frozen smoked sheet. Van Rossem and Loticius [35] report a value of 21 .1 jig for latex sheet at 0° C, obtained from the difference between the heats of swelling of frozen and thawed rubber.
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According to the third law of thermodynamics, the entropy of a substance in the liquid state at 298.1 ° K is given by the equation
Tmo
Ourves were prepared plotting the values of the heat capacities at constant pressure, Op, of the rubber hydrocarbon both in the crystalline and the amorphous forms as functions of the logarithm of the absolute temperature T. Since Op values were obtained only as low as 14° K, the graphic integration of these curves could not be made below this point. Here the Debye approximation formula [6] was used. From tables [31] of the heat capacities and Debye functions, {3/1, the latter was found to be constant with a value of 120 from 14 to 35° K. From tables [31] of the Debye functions and entropies with a {3/1 value of 120, the entropy change of the rubber from 0 to 14° K, l 14 0p dInT, was found to be 0.015 ± 0.001 j/gjOO for both the amorphous and the crystalline forms.
From the graphic integration of the curves the following values were obtained: The third law of thermodynamics states that a pure substance in the crystalline state has zero entropy at the absolute zero of temperature. Any other form may not have zero entropy, as has been found by several investigators [11, 16, 17, 23, 24, 32] . The entropy of rubber at 298 .1 ° K is obtained from the last equation by setting the entropy of the crystalline form equal to zero at 0° K. Then for rubber at 298.1 ° K, S298 .1=1.881 ± 0.010 j/g;oO. 3 The above data give for the difference between the entropies for the crystalline and amorphous forms at 0° K the value (1.881 ±0.010)-(1.875 ±0.004)=0.006 ±0.011 j/g;oO. This indicates, within the accuracy of the present experimental data, that So (amorphous)-8 0 (crystalline) is not greater than 0.017 j/g;oO, or 0.28 caWO/OsH8 unit.
VII. FREE ENERGY OF FORMATION
Various investigators [4, 12, 15, 18, 22, 36] have determined the heat of combustion of rubber, but the results of Jessup and Oummings [15] are probably the most nearly accurate. Their value for steampurified rubber at 30° 0 is 45,239 ±90 into jig. Using the values of specific heats of 1.89 j/g;oO for rubber at 27 .5° 0 as determined in this investigation, 8.9 cal/mole/oO for 002 [13] , 7.0 cal/mole;oO for O2, and 17.5 cal/mole;oO for H 20 [1] , the heat of combustion of the rubber hydrocarbon at 298.1 ° K is calculated to be 45,250 ± 90 into jig.
Using the heats of formation at 298.1 ° K of gaseous 002 taken as -94.24±0.1O kcal/mole [28, 27] and of liquid H 20 -68.313±0.01O kcal/m01e [26] , the heat of formation of the rubber from its elements, t:.H29s.1 is -507 ± 100 jig. Likewise, from the entropies of carbon (graphite) taken as 1.36±0.03 cal/mole;oO [14] and H2 31.23±0.00 cal/mole/oO [10] , the entropy of formation of the rubber hydrocarbon at 298 .10 K, t:.829s .1, is -6.215±0.014 j/g;oO. Then, from the thermodynamic formula t:.F=t:.H-Tt:.8, the thermodynamic potential or free energy of formation of the rubber hydrocarbon at 298.1° K, t:.F29s.1=(-507±100)-(298.1) (-6 .215±0.014)=1,345 ±100 jig, or 1.35 ±0.10 kj/g, or 21 .9 ± 1.6 kcal/OsHs unit.
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